Abstract. The aim of this study was to investigate the protective effects of Xin Mai Jia (XMJ) on atherosclerosis (AS) in rabbits and to explore the underlying mechanisms in order to provide experimental evidence for the clinical application of XMJ. An intraperitoneal injection of vitamin D3, combined with a high-fat diet and sacculus injury, was utilized to establish the AS rabbit model. Following the oral administration of lovastatin, Zhibituo and different dosages of XMJ, respectively, blood was drawn from each rabbit for the detection of blood rheological indicators, such as serum lipids. The pathological changes in the right common carotid artery were observed. Vascular function experiments and the expression detection of common carotid artery-related proteins by immunohistochemistry were conducted. XMJ was observed to decrease the blood lipid levels of the AS rabbits; increase the concentration of high-density lipoprotein and apolipoprotein A; decrease blood viscosity, erythrocyte sedimentation rate and hematocrit; elevate the levels of endothelial nitric oxide synthase (eNOS) and Na + /H + exchanger 1 in vascular tissues and decrease the levels of angiotensin II receptor, type 1 (AT-1) and endothelin-1 (ET-1). In conclusion, XMJ was shown to lower the blood lipid levels of the experimental AS rabbits, improve the abnormal changes in hemorheology, increase the eNOS content in the vascular tissue, decrease the AT-1 and ET-1 levels and increase the endothelium-dependent vasodilation reaction. XMJ therefore has an anti-AS effect.
Introduction
The process of atherosclerosis (AS) is initiated as a result of damage to endothelial cells (ECs), and promotes monocytes to adhere to the endothelium. When the monocytes migrate into the endothelium, they differentiate into macrophages, engulfing and oxidizing low-density lipoproteins (LDLs) into foam cells. When the smooth muscle cells migrate into the endothelium, they engulf and oxidize LDL, and turn into foam cells. Atherosclerotic plaques are composed of fibrous blocks, which are prone to breaking and thus cause thrombosis and stenosis (1) (2) (3) (4) .
The occurrence of AS is associated with numerous risk factors, such as dyslipidemia and hemodynamic changes, which are important factors of AS promotion. Blood lipid level elevation is an independent risk factor for AS and cardiovascular diseases (5) . An abnormal lipid metabolism results in excessive cholesterol deposition inside the artery, which damages the endothelium. When the endothelium-derived vasodilator levels decrease, the vessels then constrict and spasm. At the same time, the ECs become injured; the expression of inflammatory cytokines increases; the leukocytes adhere, aggregate and emigrate; and the monocytes, macrophages and smooth muscle cells largely proliferate, engulfing the lipid and forming foam cells to finally cause AS (6) (7) (8) . Numerous epidemiological, clinical and experimental studies have confirmed that the increase in the levels of blood lipids, such as cholesterol, is closely associated with the occurrence of AS (9) (10) (11) (12) (13) (14) (15) . Hypertriglyceridemia (16) is also considered a risk factor for AS. The severity of AS is positively correlated with the levels of plasma total cholesterol (TC), triglycerides (TGs) and LDL, which are also the independent risk factors that increase the morbidity and mortality rates of coronary heart diseases. High-density lipoprotein (HDL) particles are responsible for reversely transporting cholesterol and directly or indirectly transferring it to the liver to decrease its deposition in the arterial walls.
Xin Mai Jia (XMJ) is a Chinese medicinal formulation that is available in capsule form. The formula contains 10-35% functional red kojic rice powder, 1-10% kudzu flavonoid powder, 1-8% soybean isoflavone powder, 1-8% bamboo leaf flavone powder, 1-8% resveratrol powder, 1-6% hawthorn Effects and mechanism of Xin Mai Jia in a rabbit model of atherosclerosis A previous study has shown that XMJ can alleviate cardiovascular and cerebrovascular diseases and decrease blood lipid levels (17) . XMJ has clear anti-inflammatory and antioxidant effects and significantly inhibits the proliferation and migration of human aortic smooth muscle cells (18) . Although the effect of XMJ is satisfactory, the exact mechanism of its anti-arteriosclerotic action has not been confirmed.
In the present study, XMJ was administrated to experimental AS rabbits to explore the mechanisms underlying the improvements in vascular injury by observing the changes in blood lipids and rheology, and in the levels of endothelial nitric oxide synthase (eNOS), angiotensin II receptor, type 1 (AT-1), endothelin (ET-1) and the Na + /H + exchanger 1 (NHE-1) in Japanese white rabbits.
Materials and methods
Animal grouping and drug administration. Forty-eight healthy, specific pathogen-free [SCXK (yu) 2011-0001] Japanese white rabbits (Henan Kangda Laboratory Animal Co., Ltd., Zhengzhou, China), aged four to five months, were fed with conventional rabbit feed and purified water. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal use protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Henan Xinxiang Medical University (Xinxiang, China).
The Japanese white rabbits were randomly divided into eight groups (n=6): i) Normal control (NC); ii) vehicle control (VC; oral administration of 0.69 g/kg/day XMJ); iii) model group (MG); iv) lovastatin group (LG) [oral administration of 2.4 mg/kg/day lovastatin (Sigma, St. Louis, MO, USA)]; v) Zhibituo group (ZG) [oral administration of 0.3125 g/kg/day Zhibituo (Diao Jiuhong Pharmaceutical Industry, Chengdu, China); positive control]; vi) low-dose XMJ group (LXG) (oral administration of 0.2184 g/kg/day XMJ); vii) medium-dose XMJ group (MXG) (oral administration of 0.69 g/kg/day XMJ) and viii) high-dose XMJ group (HXG) (oral administration of 2.1804 g/kg/day XMJ). The XMJ was composed of edible ingredients of a dozen Traditional Chinese Medicines, including astaxanthin, functional red yeast, gegen isoflavones, soy isoflavones, bamboo leaf flavonoids and resveratrol (Beijing Tongrentang Co., Ltd., Beijing, China).
Replication of the AS model. A combined high-fat diet, sacculus injury and vitamin D3 (VitD3) methodology was used for the modeling. The replication model was applied to all groups, with the exception of the NC and VC groups, which were fed the basic diet. VitD3 (300,000 U/200 mg) was intraperitoneally injected once, and high-fat feeding was performed. On the first day of the experiment, the high-fat diet (87% basic diet, 10% lard, 1% sodium cholate and 2% cholesterol) was administered at 150 g/day. Four weeks later, the common carotid artery intimal injury surgery was conducted. The sacculus (2 mm diameter; Cordis Co., Fremont, CA, USA) was inserted into the middle segment of the neck aorta and dilated and stretched three times, resulting in the common carotid artery intimal injury. The rabbits then continued to be fed the high-fat diet for a further six weeks.
Pathomorphological observation. Following the anesthetization and blood sampling of the animal, a 1.5-cm region of the common carotid artery was observed by the naked eye. Once images of the sample had been captured (Canon EOS 5D Mark Ⅲ camera, Canon, Tokyo, Japan), the sample was fixed in 10% neutral formalin, dehydrated, hyalinized, wax-dipped and embedded to generate a paraffin section (MTC SLEE automatic freezing microtome; SLEE medical GmbH, Mainz, Germany). Hematoxylin-eosin histological staining and immunohistochemical determination were then performed, and the section was observed under a light microscope (magnification, x400; CX21BIM-SET5; Olympus Corporation, Tokyo, Japan) and a transmission electron microscope (magnification, x10,000) (Nikon Eclipse E200; Nikon Corp., Tokyo, Japan).
Blood lipid determination. A 2-ml carotid artery blood sample was rapidly obtained, added into a heparin-precoated tube (5 ml; Nanjing Jiancheng Biological Engineering Institute, Nanjing, China), mixed and centrifuged at 4˚C and 250 x g for 15 min (Heraeus ® Multifuge ™ X1 high-speed centrifuge; Thermo Fisher Scientific Laboratory Products, Schwerte, Germany). The supernatant underwent oxidase testing and chemical modification measurements for TG (Serum Triglyceride Determination kit; Sigma-Aldrich, Munich, Germany), HDL and LDL levels (HDL and LDL/VLDL Quantitatification kit; Sigma-Aldrich). Immunoturbidimetry was carried out to measure the level of apoA (apoA-1 Quantitation kit; Seikagaku Corporation, Dongjing, Japan) and an enzyme method was used to measure the level of TC (Cholesterol Quantitation kit; Sigma-Aldrich).
Determination of blood rheological-related indicators. The
LG-R-80F automatic blood rheological instrument (Steellex, Beijing, China) was used to measure the whole blood viscosity at a shear rate of 200, 30, 3 and 1 sec -1
. The blood was placed in the blood sedimentation tube according to the manufacturer's instructions to determine its sedimentation and erythrocyte sedimentation rate (ESR).
Immunohistochemistry. The section was dewaxed until the wax had been replaced with water and then incubated with 3% H 2 O 2 at room temperature for 5-10 min. Antigen retrieval was carried out at 92-98˚C and was maintained for 30 min, followed by serum closure for 20 min. The primary antibody [the dilution concentration of NHE-1 (PRS4379, anti-nhe-1 antibody produced in rabbit, polyclonal; Sigma-Aldrich), AT-1 (anti-ANGⅡR-1, rabbit, polyclonal; Sigma-Aldrich) and ET-1 (anti-ET-1, rabbit, polyclonal; Sigma-Aldrich) was 1:100] was added for overnight incubation at 4˚C. Phosphate-buffered saline was used to replace the primary antibody as the negative control. Rewarming was conducted at 37˚C for 1 h. The horseradish peroxidase-labeled streptavidin working solution was then added for incubation at 37˚C for 30 min, and 3,3'-diaminobenzidine staining, hematoxylin restaining, dehydration, hyalinization and mounting were performed. NHE-1, AT-1 and ET-1 kits were purchased from Sigma.
Vascular function experiments.
Following the anesthetization and blood sampling of the animal, the carotid artery or aorta sample was rapidly taken and placed into a dish with an oxygen-saturated Krebs-Ringer solution (118 mmol/l NaCI, 4.7 mmol/l KCI, 11.0 mmol/l CaCl 2 , 1.2 mmol/l MgSO 4 ·7H 2 O, 1.2 mmol/l KH 2 PO 4 , 25.0 mmol/l NaHCO 3 , 11.1 mmol/l glucose and 0.026 mmol/l EDTACa-Na 2 , pH 7.4). Following the isolation of the perivascular tissues and the clearance of the blood, the vessel was cut into a 4-5-mm vascular ring. The vascular ring was placed into a 10-ml Krebs-Ringer insulation bath at 37˚C with mixed gases of 95% O 2 and 5% CO 2 . One end of the sample was fixed to the bottom of the bath, and the other end was connected to the tension transducer device (JZ-101; Xinhang Electromechanical Equipment Co., Ltd, Gaobeidian, China). Subsequent to incubating the sample for 20 min, the vascular pre-loads were adjusted as follows: Vascular aorta, 2.2 g; carotid artery, 1.3 g; renal artery, 1.0 g; and pulmonary and femoral artery, 1.5 g. The test began after 60 min of balancing. The blood vessels were constricted with 1 µmol/l norepinephrine (NE; CAS:51-41-2; Shanghai Purple Reagent Factory, Shanghai, China) and rebalanced for a further 40 min, followed by pre-contraction with 1 µmol/l NE (25 mmol/l KCl was used as the contraction agent for the coronary artery). When the vasoconstriction reached the maximum, the drugs were administered through an accumulative method to observe the effects of different drug concentrations on the angiectasis. The anti-dilatation drug was incubated prior to administration (at 37˚C for 5min) in order to avoid the constriction of blood vessels due to cold stimulation. The contraction and relaxation experiments were then performed.
The maximal contraction amplitude induced by the astringent was set to 100%. The ratio of the drug-induced vasodilation to the maximum contraction amplitude was defined as the vasodilation rate [the acetylcholine (ACh)-induced NE relaxation percentage was used to express the endothelium-dependent relaxation reaction of the vascular ring].
Statistical analysis. Data are expressed as the mean ± standard error. One-way analysis of variance and weighted linear regression analysis were conducted using SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Pathological changes. The naked-eye morphological observation revealed that, unlike the control groups, the MG exhibited significant endothelial injury, with evident clear yellow atherosclerotic plaques; XMJ decreased the vascular endothelial injury of the model, enhanced the endothelial continuity and increased the vascular flexibility. The atherosclerotic plaques significantly decreased in number or even disappeared in a dose-dependent manner. Lovastatin also decreased the vascular endothelial injury and increased the vascular flexibility of the AS rabbit. The AS plaques significantly decreased, but the endothelial continuity was affected. The effects of Zhibituo were significantly weaker than those of XMJ (Fig. 1) .
Under the light microscope, the endothelium of the XMJ-treated AS rabbits was observed to be relatively smooth, and the endothelial cellular nuclei were stained in a relatively uniform manner. With a relatively clear cellular gap, the subendothelial muscular layer was arranged regularly. The effects occurred in a dose-dependent manner (Fig. 2) .
Blood lipids. XMJ decreased the plasma TC, TG and LDL levels and increased the HDL and apolipoprotein A (apoA) levels of the AS rabbits. Significant differences in all parameters were observed between the MG and the LG and ZG (P<0.05). The results from the LXG, MXG and HXG exhibited a dose-dependent manner, and the overall effects of the LXG, MXG and HXG treatments were superior to those of the LG and ZG treatments (Table I ). Table II , the relative values of whole blood high-and low-shear viscosity, blood sedimentation and the ESR of the MG were significantly higher than those of the NC (P<0.05). Compared with the values of the MG, those of the LXG, MXG and HXG were significantly decreased. The improvement in blood viscosity in the MXG was the most marked and better than that observed in the LG and the ZG. Table III) .
Blood rheology. As shown in

Levels of eNOS, NHE-1, AT-1 and ET-1.
The immunohistochemical results showed that XMJ increased the eNOS and NHE-1 levels (Figs. 3 and 4) . The levels in the XMJ-treated groups were significantly different from those in the MG (P<0.05). The results in the LXG, MXG and the HXG showed a dose-dependent manner, and the overall effects in these groups were better than those in the LG and the ZG; however, not all results showed a significant difference.
XMJ decreased the ET-1 and AT-1 levels (Figs. 5 and 6) so that they were significantly different from those in the MG (P<0.05). The results in the LXG, MXG and HXG showed a dose-dependent manner, and the overall effects in these groups were superior to those in the LG and the ZG; however, not all results showed a significant difference.
Discussion
Hyperlipidemia is generally recognized as the most important factor underlying the occurrence of AS (19) (20) (21) . The serum TC, TG and LDL levels are considered to be risk factors for AS, whereas HDL and apoA, the major carrier of HDL, are the AS-protective factors. Hyperlipidemia is the pathological basis of AS, and the elevated blood lipid levels cause changes in blood rheology. Rheology theory suggests that the blood of hyperlipidemic patients is in the 'viscous and hypercoagulable stateʼ. Increased blood viscosity is one of the important causes of AS. In clinics, hyperlipidemia manifests as not only Table II . Blood sedimentation, ESR and viscosities of whole blood at different shear rates in Japanese white rabbits (n=4). an increase in TG, cholesterol and LDL but also a high level of blood viscosity; these factors lead to functional changes in ECs and cell shedding, as well as an increase in the risk factors for microcirculatory disturbance, platelet aggregation and thrombus formation (22) . AS begins from intimal injury, which is followed by lipid deposition, arterial elasticity reduction and lumen narrowing, and the condition triggers a series of cardiovascular symptoms. Decreasing the lipid deposition and restoring the elasticity of blood vessels are therefore important aspects of AS treatment.
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The prescription of XMJ contains anti-AS-effective ingredients, such as Pueraria flavonoids. Our previous study showed that XMJ has an anti-AS effect (17) . To further study its mechanism, the present study successfully established a rabbit AS model through a combined high-fat and high-cholesterol diet and sacculus injury methodology. The AS models exhibited evident hyperlipidemia, with higher TC, TG and LDL levels than the control group, and lower HDL, HDL/cholesterol and apoA levels than the control group. Compared with those in the MG, the levels of TC, TG and LDL in the experimental groups were significantly decreased, and the levels of HDL, HDL/CHO and apoA were significantly increased. The values in the high-dose XMJ group were significantly different from those in the other experimental groups (P<0.05). This indicates that XMJ can significantly decrease the serum TC, TG and LDL levels and increase the HDL levels to improve the cholesterol and lipoprotein metabolism in rabbits. The blood vessel function experiment revealed that, compared with the MG, XMJ could significantly increase the endothelium-dependent relaxation response in rabbits (P<0.05) in a dose-dependent manner. Certain indicators of AS rabbit rheology, including whole blood high-and low-shear relative viscosities, ESR and hematocrit, appeared to be pathological changes similar to those of hyperlipidemia (23) . The whole blood high-and low-shear relative viscosities, ESR and hematocrit were all significantly higher in the MG than those of the control group. XMJ effectively decreased the whole blood viscosity, ESR and hematocrit of the MG and caused significant improvements in the abnormal blood rheological changes in AS rabbits. This indicates that XMJ can decrease blood lipid levels and improve blood vessel elasticity and blood rheology, and that it plays a therapeutic role in AS.
To elucidate the mechanism underlying the action of XMJ, immunohistochemistry was used to detect the levels of eNOS, ET-1, NHE-1 and AT-1, which are closely associated with vasomotion, inside the common carotid arterial organs.
Since Ross (24) proposed vascular EC injury to be the initial step of AS, the status of ECs in the formation and development of AS has gained increasing attention. Studies have confirmed that, prior to the formation of AS, the endothelial dysfunction that becomes one of the important factors to cause or aggravate AS is already apparent (8, 9) . The EC-mediated disorder in NO synthesis, the increased synthesis of AT-1 and the imbalance between ET-1 and NO levels are the main reasons for endothelial dysfunction. Endothelial functions are simultaneously affected by NHE (10) (11) (12) (13) (14) (15) . NO is the catalytic product of NOS that causes the vasodilation response (16, 17) . Considering that NO is a gas, directly measuring NO levels is not easy; therefore, reflecting the biological effects of NO is usually performed through the indirect study of NOS (18) (19) (20) .
ET-1 is the strongest vasoconstrictor known to date, and it is released by the injured ECs. Reriani et al (25) performed a double-blind clinical trial and demonstrated that an ET-1 receptor antagonist could significantly improve the endothelial function of patients with coronary AS. This finding indicated that endogenous ET-1 plays an important role in the early formation of AS in humans. ET-1 promotes the formation of AS (26) by lowering HDL levels, increasing the oxidative stress and causing inflammatory cell infiltration. Angiotensin II (AngII) is an important molecule and a potent vasoconstrictor in the renin-angiotensin system (RAS). It additionally plays an important role in the chronic inflammatory process of AS. It has previously been reported that a positive feedback regulation mechanism exists between ET-1 and AngII that promotes mutual activities (27) . Accordingly, the role of ET-1 in AngII-promoted AS has been confirmed (28) . The angiotensin-converting enzyme II can improve endothelial function by decreasing the oxidative stress products (29) , and AT-1 is the major mediating receptor through which the local RAS plays its role.
Under normal physiological conditions, the NO in the vascular system primarily comes from eNOS. NO controls the bioactivities of dilating the blood vessels, regulates the blood pressure, inhibits the platelet-monocyte aggregation and inhibits the endothelium-monocyte adhesion (30) . The significant reduction in NOS expression leads to the reduction of NO synthesis. The results of relevant animal experiments showed that NOS-deficient mice exhibited evident aortic damage and macrophage infiltration (31) , whereas in eNOS-transgenic ApoE (-/-) mice, the endothelium-dependent vasodilation was restored, the plaque areas and intima/media ratio were decreased and the AS lesions were alleviated (32) .
The results of the present study showed that, in the AS model, the expression levels of ET-1 and AT-1 were significantly higher than those of the NC group. XMJ decreased the ET-1 and AT-1 levels in the MG. The expression of eNOS in the MG was decreased compared with that in the NC group, further confirming that a reduction in NO levels plays an important role in the AS development process. By contrast, XMJ significantly increased the expression of eNOS in the AS rabbits.
Endothelial function is affected by the NHE function, and lipid disorder affects the NHE-1 activity. The NHE is a class of transporter protein that ubiquitously exists in the eukaryotic membrane, and is cloned into six types. NHE-1 is the main type in the cardiovascular system, and its primary physiological function is to pump out one intracellular H + . According to the 1:1 electrically neutral stoichiometric relationship, however, NHE-1 additionally pumps one extracellular Na + inside to maintain the normal intracellular pH value and capacity (33) (34) (35) . In a previous study, the ischemia/reperfusion-injured mouse heart was shown to exhibit significant ACh-induced endothelium-dependent diastolic dysfunction, and the NHE-1 inhibitor SM-20550 inhibited this damage (36) . In the formation process of AS, the ET-1 released from injured ECs can increase the NHE expression and activity (37) ; furthermore, the high levels of cholesterol can alter the NHE-1 activity and LDL in the circulation can dose-dependently inhibit the NHE-1 activity, possibly through activation of the p38 mitogen-activated protein kinase (38) . Although the effect of HDL on NHE-1 is contrary to that of LDL, the mechanism of HDL increasing NHE-1 activity can be performed by binding glycoproteins II a and II b to activate protein kinase C and lecithin-specific kinase C (39, 40) . A biochemical study showed that cholesterol disorder can activate the NHE-1 activity (41), although relevant clinical data are limited.
The results of the present study showed that NHE-1 expression was significantly lower in AS rabbits than that in control rabbits. The high levels of LDL and low levels of HDL in the MG decreased the NHE-1 expression which is consist with the results of other studies (38) (39) (40) . XMJ significantly increased the NHE-1 levels in the vascular tissues. However, in the XMJ group, the decrease in LDL level and increase in HDL level were accompanied by an increase in NHE-1 content. This result was inconsistent with the theory that the increased activity of NHE can injure ECs. The mechanism of NHE-1 in AS should therefore be further studied.
According to the results of the present study, the following are the suspected mechanisms underlying the protective effects of XMJ in AS rabbits: i) XMJ lowers the levels of blood TC, TG and LDL and increases the HDL level to improve lipoprotein and cholesterol metabolism; ii) XMJ attenuates the changes in the hemorheological indexes and decreases the whole blood high-and low-shear viscosities, blood sedimentation and ESR; and iii) XMJ increases the eNOS content in the vascular tissues and decreases the ET-1 and AT-1 levels to improve the intravascular-dependent diastolic function. It was also found that XMJ could increase the NHE-1 level in the vascular tissues; this result was similar to that of certain previous studies (38, 39) . With the decrease in HDL level and the increase in LDL level, the NHE activity was inhibited; otherwise, NHE-1 was activated. The study did not, however, explain why increasing the eNOS expression and decreasing the ET-1 and AT-1 levels could protect ECs and why increasing HDL could increase the activity of the NHE whose increased activity could, in turn, damage the ECs. The roles and the regulatory mechanisms of NHE-1 in AS still require further elucidation.
